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Abstract 
The presence of weldline in rubber products is regarded as a one of the most undesirable phenomena, since it result in poor 
mechanical properties.  Designers typically minimize the influence of weldlines by their placement in non-critical areas and the 
application of a factor of safety based on design specifications and anticipated failure modes. Such practice results in over-design 
of parts, since the factor of safety is generally independent of the material. Truly cost-effective part design requires a better 
understanding of the behavior of polymers under different loads and failure conditions. A large amount of literatures have been 
published in regard to the effects of weldlines on the static mechanical properties of thermoplastics and thermoplastic 
composites. In the present study, the effect of weldline on the fatigue life of natural rubber was first investigated with regarding 
to the filler types and contents. The use of design data which takes into account the weldline formation as well as the filler 
loading will enable design engineers to more accurately predict the performance of rubber molded part under fluctuating load. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of COE of Sustainalble Energy System, Rajamangala University of Technology Thanyaburi 
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1. Introduction 
Rubber or elastomeric materials are widely utilized for engineering applications such as a rubber tires, engine 
mountings, seals, and shock absorbers. The dominant property of vulcanized rubber is their ability to elongate of a 
large deformation and high-absorbed properties [1]. A common design method of rubber part is usually used the 
result obtained from static mechanical properties such as tensile or tear strengths. In practical application the rubber 
products rarely fail in single loading mode, however, they fail under the fluctuating mode which is caused by stress 
concentration at a micro-crack or small naturally defect flaws. These defects probably arise from a number of factors 
such as the mold surface, filler agglomeration, imperfect dispersion of ingredients and contamination or void in the 
rubber matrix [2,3]. It is well known that the rubber is subjected to repeated cycle of deformation can cause a 
decrease of stiffness and mechanical strength [4,5]. Ismail et al. [6] showed that an addition of plasticizer (oil fatty 
acid) into rubber compound gave better fatigue resistance. This was due to the decrease of friction between filler 
particle and rubber matrix. Mars and Fatemi [2] indicated that the crack propagation was related to tearing energy 
between rubber matrix and the size of filler in that the smaller the particle size the better the barrier to the growth of 
crack. Kim and Jeong (2005) [7] showed that the fatigue life of natural rubber was linearly proportional to the 
hysteresis. Wu et al. [3] suggested that an addition of nano-clay can enhance the fatigue life of SBR filled with 
carbon black which caused by the increase of hysteresis.  
Weldline is one of the typical molding defects and appears at the meeting points of multiple melt flows. The 
presence of weldlines in rubber products is regarded as a one of the most undesirable phenomena, since it result in 
poor mechanical properties. Compression molding of large/complicated rubber products are usually prepared by 
multiple compounds, which produces weldlines once the melt fronts are joined by impingement flow. Although a 
thorough search through the literature reveals many references to the weldline strengths of thermoplastics and 
thermoplastic composites [8]. Previous works by Patcharaphun et al. [9,10], the effect of weldline on the static 
mechanical properties of natural rubber were investigated. They concluded that the vulcanizing system, filler type 
and content, and processing parameters such as clamping force and mold temperature significantly affected the 
tensile strength and modulus of elasticity of weldline containing rubber parts. In the present study, the effect of 
weldline on the fatigue life of natural rubber was first investigated with regarding to the filler types and contents. 
Tension and flex fatigue tests were utilized in order to determine the fatigue life of weldline containing natural 
rubber parts that should provide a basic understanding for the design engineers to more accurately predict the 
performance of a molded part under dynamic loadings. 
2. Experimental 
2.1 Compounding and sample preparation 
Natural rubber (STR5L) was masticated using the internal mixer at the temperature of 70qC for 3 minutes and 
then mixed with the amount of additives and reinforcing fillers (SiO2 and CB) for 10 minutes to attain a 
homogeneous mixture of the rubber compound. When required, the rubber was compounded with the amount of 
sulfur and accelerator (n-Cyclohexyl Benzothiazole-2-Sulphenamide, CBS) for about 3 minutes in accordance with 
the conventional vulcanizing systems (CV), as shown in Table 1. Each batch of rubber compound was rolled to 
produce a sheet of approximately 5 mm thickness and left at room temperature for 24 hours. A Moving Die 
Rheometer, MDR (TECHPRO-rheoTECH model 121105) was utilized to determine the scorch time (ts2) and cure 
times (tc90) on the range temperature of 140-160qC for 30 min in accordance with ASTM D5289.  
For the purpose of comparison, a special compression mold was employed (as illustrated in Figure 1(a) and 1(b)) 
in order to produce the NR specimens with and without weldlines. As for the preparation of the specimen without 
weldline, the rubber compound was placed into either cavity #1 or cavity #2, whereas the specimens with weldline 
can be formed by using the half of rubber compound into the both of cavities. The hydraulic compression molding 
machine (WABASH 75 tons) was used to prepare the vulcanized rubber sheet approximately 2 mm thickness. The 
processing parameters chosen in this study, inclusive the clamping pressure as well as the mold temperature were 
varied in three levels. The clamping pressure was varied from 30 to 60 MPa and the mold temperature was varied 
from 140 to 160qC (holding pressure time is dependent on the tc90 of rubber compound).  
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Table 1. Compound formulations in parts per hundred parts of rubber (phr). 
Materials and Chemicals Contents (*phr) Manufacturers/Distributors Non-filled Silica Carbon black 
Natural Rubber (STR 5L) 100 100 100 Thai Rubber Latex Co., Ltd 
Zinc Oxide (ZnO) 4 4 4 Thai-Lysaght (Thailand) Co., Ltd 
Stearic acid 2 2 2 Thai Poly Chemicals Co., Ltd 
Silica - 30/60 - Tokuyama Siam Silica Co., Ltd 
Carbon black (N330) - - 30/ 60 Thai Carbon Black Public Co., Ltd 
Polyethylene Glycol (PEG) - 1.8/3.6 - Union Chemical 1986 Co., Ltd 
Aromatic oil - - 2/4 Global Chemie Trading Co., Ltd 
Sulphur 2.4 2.4 2.4 GPS Product Co., Ltd 
N-Cyclohexyl-2-Benzothiazole Sulfonamide (CBS) 0.8 0.8 0.8 Monflex Pte. Ltd 
*phr = part per hundred of rubber by weight 
 
The vulcanized rubber sheets were cut with a specimen-punching machine to produce tensile and tear specimens 
in accordance with the standard tensile test ASTM D412 and ASTM D624, respectively. The tensile and tear 
strength were characterized by using the Universal Testing Machine (Instron: Model 1011) at a crosshead speed of 
500 mm/min. Hardness of cured rubber was determined in compliance with ASTM D2240 (Shore A). Hysteresis 
loss was determined on the tensile test by using equation 1. The tensile specimen was pre-stretched for 5 cycles in 
order to eliminate the Mullin’s effect [5]. 
 
 1 2 1Hysteresis loss= W -W /W  (1) 
 
where W1 and W2 are work done during extension and retraction of rubber specimen, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)  (b) 
 
Fig. 1. Compression mold for preparing the test specimens (a) tensile test and tension-fatigue test specimens and (b) flex-fatigue test 
 
2.2 Fatigue life characterizations 
Fatigue properties of weldline containing rubber parts were characterized by tension and flex fatigue tests. For 
tension fatigue test, the vulcanized rubber sheets were cut into ring shape as illustrated in Figure 2(a) and the test 
was carried out using the fatigue tester (Wallace: Model: F13) according to BS903-A5. The flex-fatigue life was 
determined by using the De Mattia flexing machine (ASTM D430). The dimensions of flex-fatigue specimen are 
depicted in Figure 2(b). 
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(a)  (b) 
 
Fig. 2. Dimension of fatigue test specimens (a) tension-fatigue life and (b) flex-fatigue life 
 
3. Results and discussions 
3.1. Cure characteristic 
Table 2. shows ts2 and tc90 of rubber compound filled with different filler loading. It can be seen that the ts2 and 
tc90 of rubber compounds decreased with the increase of filler content (except for the loading of SiO2 60 phr). This 
was due to the increasing thermal conductivity of rubber compounds by the addition of CB [11] and the reactive 
organic groups (such as phenolic, hydroxyl, quinone, carboxyl) and reactive hydrogen bonds, as well as free radicals 
on the surface of CB, can also react chemically with the rubber molecules [12], which has the potential to promote 
the kinetics of the crosslinking reaction. This phenomenon was also identified by previous studies [1,12,13]. The 
increasing cure time of rubber compound filled with 60 phr of SiO2 was associated with the adsorption of curatives 
(such as stearic acid and zinc oxide) by the silanol groups on the SiO2 surface [9]. 
Table 2. Scorch time and cure time of NR compound containing various filler types and contents. 
Compound formulations Scorch time, ts2  (min) Optimum cure time, tc90 (min) 
Non-filled 4.48 7.26 
SiO2 30/60 phr 2.41/0.09 7.07/11.27 
CB 30/60 phr 1.39/1.25 4.37/4.38 
3.2. Static mechanical properties 
The effect of filler types and contents on static mechanical properties of NR is shown in Table 3. It can be seen 
that the tensile strength, tear strength and hardness gradually increased while the elongation at break tended to 
decrease with the increase of filler loadings. Further increasing amount of SiO2 tended to decrease the tensile 
strength. It can be explained that for the filler loading of 30 phr, the smaller particle sizes of SiO2 and CB can 
uniformly dispersed and therefore resulted in improved tensile strengths. However, the reduction in tensile strength 
of NR filled with 60 phr of SiO2 was found which was associated with the agglomeration of SiO2. This phenomenon 
was also observed by many authors [13,14,15]. The results also indicated that the hysteresis significantly increased 
with increasing filler content. This observation was also reported in literatures [5,16]. 
Table 3. Static mechanical properties of NR compound containing various filler types and contents. 
Contents (phr) Tensile strength (MPa) Elongation at break (%) Tear strength (N/mm) Hardness (Shore A) Hysteresis (%) 
Non-filled 16.71+2.04 637.90+25.00 50.26+1.63 39.38+0.39 7.71+1.69 
CB 30 23.17+1.21 588.67+25.48 167.70+2.96 52.68+0.64 19.09+2.80 
CB 60 25.20+0.98 449.00+11.63 313.50+8.49 70.50+1.09 36.74+2.33 
SiO2 30 20.00+0.65 650.00+11.58 50.51+16.00 48.80+1.30 20.15+1.91 
SiO2 60 16.90+1.20 585.00+17.62 61.65+12.00 70.60+4.40 38.60+3.54 
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3.3. Fatigue life 
The effect of filler loading on the tension-fatigue life of weldline and non-weldline NR is shown in Figure 3. The 
results indicated that the tension-fatigue life for both of weldline and non-weldline NR decreased with the increasing 
filler loadings. This was associated with the dilution effect which leads to a restriction of rubber molecules [9]. It 
was also observed that the tension-fatigue life of NR filled SiO2 considerably lower than that of CB system, which 
was thought to be caused by the agglomeration of SiO2. In the case of  weldline containing NR, the tension-fatigue 
life was found to be lower than those of without weldline. This was due to the unfavorable molecular orientation and 
incomplete molecular entanglement or diffusion at the weld interfaces [9]. In addition, the existence of a V-notch at 
the weld surface which also can be a source of stress concentration and thus it would be easy to fail at this position. 
It should be noted that the difference in tension-fatigue life between weldline and non-weldline specimens becomes 
more pronounced with the loading of SiO2.  It was clearly evident that the reduction of tension-fatigue life 
approximately 80% as compared to the non-weldline samples. This was due to an increasing viscosity of the rubber 
compounds, which led to a shorter contact time between the two melt fronts, and thus results in an imperfect joint of 
the fronts, as stated above. Increasing amounts of SiO2 also affected the rigidity of the rubber which thus promotes 
crack propagation at the weld interface. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Tension-fatigue life of weldline and non-weldline NR containing various SiO2 and CB contents 
The effects of processing parameters on the tension-fatigue life of weldline and non-weldline NR were illustrated 
in Figures 4 and 5. The high carbon black loading of 60 phr was used for this investigation. From the results 
obtained in this experiment, it can be seen that the increase of mold temperature and clamping pressure did not have 
any significant influence on the tension-fatigue life of the non-weldline specimens. It should be noted that the 
tension-fatigue life of NR containing weldline significantly increased with the increasing mold temperature from 
140 to 150qC and the increasing clamping pressure from 30 to 45 MPa. The results showed that the increasing 
tension-fatigue life was approximately 60% for increasing mold temperature and 100% for increasing clamping 
pressure. This was due to the higher mold temperature and holding pressure, the higher possibility of intermolecular 
diffusion or entanglement and the smaller V-notch at the contact area [9]. However, it can be seen that a further 
increasing mold temperature from 150 to 160qC and clamping pressure up to 60 MPa did not lead to significant 
changes in tension-fatigue life of weldline containing NR. The explanation of this would be related to the reversion 
resulting in the chain scission of rubber molecules at the high temperature and the compressibility of molten rubber 
during packing stage. 
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Fig. 4. Tension-fatigue life of weldline and non-weldline NR molding with various mold temperature 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Tension-fatigue life of weldline and non-weldline NR molding with various clamping pressure 
 
Figure 6 illustrates the changes in the flex-fatigue life for welded and non-welded NR containing various CB 
contents. In the case of non-filled NR, the result showed that the flex-fatigue life considerably lower than the values 
obtained for the samples without weldlines. The increasing amount of CB also decreased the flex-fatigue life of NR. 
This was not solely attributed to the increasing rigidity of NR but also to the increase of hysteresis with the increase 
of CB contents which can be promoted the heat build-up efficiency during the test and crack propagation at the weld 
interface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Flex-fatigue life of weldline and non-weldline NR containing various CB contents  
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4. Conclusion 
In this work, the effect of weldline on the static and dynamic properties of compression molded NR was 
investigated with regarding to the filler types and contents. It was observed that the tensile strength, tear strength and 
hardness increased with the increase of filler loadings. In the case of the dynamic properties, however, the tension-
fatigue and flex-fatigue life of NR decreased with the increasing filler loadings. These results implied that the static 
mechanical properties were not properly employed as a criterion for rubber part design, while hysteresis property 
played a major role in the prediction of fatigue properties. In the case of weldline containing NR, the tension-fatigue 
and flex-fatigue life were found to be much lower than those of without weldline. It can be concluded that the 
tension-fatigue life of NR containing weldline significantly increased with the increasing mold temperature and 
clamping pressure. Furthermore the increasing mold temperature and clamping pressure did not lead to significant 
changes in fatigue life of NR, which could be related to the reversion and the compressibility of molten rubber 
during the molding process. 
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